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I 
摘要 
随着电动汽车市场的不断发展，对锂离子电池能量密度的要求提出了更大的
挑战，因此发展和研究高比能量电池是市场的需求也是研究人员不断追求的目
标。通常提高锂离子能量密度有两个方面，提高电池的放电比容量或者提高放电
电压平台。以锂-硫和锂-空为代表的电池体系虽然有很高的比容量，但仍是处于
实验室的研发阶段。近来，锂离子正极材料如 Li2CoPO4F 和 LiCoPO4 因其有较
高的工作电压平台而受到广泛关注，但令人遗憾的是，目前常用的碳酸酯类电解
液体系并没有与之相匹配的电化学稳定窗口。因此，对于新型高压电解液的研究
就显得非常必要和紧迫。本文选择锂离子新型高电压氟代溶剂氟化碳酸乙烯酯
(FEC)和 1,1,2,2-四氟乙基-2,2,3,3-四氟丙基醚（F-EPE）为研究内容，以改善正极
材料 Li2CoPO4F 和 LiCoPO4 的电化学性能为目标，对不同电解液体系的耐高电
压氧化性能，及材料在其中的电化学性能、电极/电解液界面稳定性及其对电化
学性能的影响等开展了系统的研究。 
高电压氟代溶剂 FEC 和 F-EPE 作为共溶剂与高电压正极材料 Li2CoPO4F 有
着良好的兼容性，并且对材料的电化学性能有明显的改善作用。线性扫描（LSV）
结果表明，与传统碳酸酯类电解液相比，FEC 和 F-EPE 作为共溶剂能显著提高
电解液高电位下的抗氧化性；在一定范围内，FEC 和 F-EPE 的比例对电解液抗
氧化能力的影响不大。电化学研究表明，FEC/DMC = 1:1 和 F-EPE/DMC = 1:2
体系表现出较好的性能。如在 3-5.4 V 充放电电压范围内，Li2CoPO4F 材料在 1 M 
LiPF6 FEC/DMC = 1:2 (wt/wt)，F-EPE/DMC = 1:2 (wt/wt)和 EC/DMC = 1:1 (wt/wt) 
三种电解液中，0.2 C 电流密度下的首圈放电比容量分别为 121.7 mAh g-1，111.3 
mAh g-1，95.9 mAh g-1，循环 100 圈后的容量保持率分别为 35.9％，28.2％，
0.029％；1 C 电流密度下的首圈放电比容量分别为 108 mAh g-1，104 mAh g-1，
100 mAh g-1，循环 100 圈后的容量保持率分别为 52.6％，50.7％，14.5％。采用
线性扫描（LSV）、循环伏安（CV）、电化学交流阻抗谱（EIS）、扫描电镜（SEM）
和 X 射线光电子能谱（XPS）等技术对氟代溶剂改善材料电化学性能的机理进行
了系统的研究，结果表明在不同电解液中循环后，Li2CoPO4F 电极表面均可观察
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II 
到电解液氧化分解的产物（主要包括 ROLi、ROCO2Li、LixPFyOz、LixPFy 等），
在 FEC 和 F-EPE 基电解液中形成的界面膜厚度低于 EC/DMC 基电解液，仅为数
个 nm；与 EC/DMC 基电解液相比，FEC 基和 F-EPE 基电解液具有更好的电极/
电解液界面稳定性，抑制了高电位下电极/电解液界面副反应的发生，缓解了电
解液中 HF 对 Li2CoPO4F 结构的破坏作用，因而有益于提高 Li2CoPO4F 材料的电
化学性能。 
采用溶胶-凝胶法合成了 Fe3+异价离子掺杂的 Li1-xCo1-xFexPO4 (x = 0，0.05)
材料，研究了 Fe3+掺杂对 LiCoPO4 材料电化学性能的影响；将 1 M LiPF6 
FEC/DMC = 1:1 高电压电解液应用于 Li0.95Co0.95Fe0.05PO4材料进一步改善了其电
化学性能。电化学研究结果表明，Fe3+掺杂改善了 Li0.95Co0.95Fe0.05PO4 材料的电
导，降低了电池的阻抗，从而降低了电池充放电过程的极化，显著提高材料的电
化学性能，尤其是倍率性能；与传统碳酸酯类电解液相比，1 M LiPF6 
FEC/DMC=1:1 电解液具有更好的耐高电压氧化性，可以进一步提高
Li0.95Co0.95Fe0.05PO4材料的电化学性能。 
 
关键词：锂离子电池，高电压电解液，氟代溶剂，氟化碳酸乙烯酯，1,1,2,2-四氟
乙基-2,2,3,3-四氟丙基醚 
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Abstract 
With the increase demand of high energy density in electric vehicles (EVs) and 
hybrid electric vehicles (HEVs) market, huge challenge falls on lithium-ion batteries. 
So the development and research of high energy density battery is the market demand 
and also the goal that researchers continue to pursue. Usually the energy density of 
Li-ion batteries can be improved from two aspects, to improve the battery discharge 
capacity or increase the operating voltage plateau. Although very high specific 
capacity has been achieved in Li-S and Li-air batteries, bottleneck still exists in 
practical application. Recently, Li2CoPO4F and LiCoPO4 as the cathode materials for 
Li-ion batteries have attracted much attention due to their high operating voltage 
plateau. However, their high working voltage of 4.8 V and above is beyond the 
electrochemical stability window of conventional organic carbonate-based electrolytes. 
Therefore, the study of new high voltage electrolytes is very essential and urgent. In 
this paper, with the aim to enhance the electrochemical performance of these cathode 
materials, we use FEC and F-EPE as co-solvent for high voltage electrolyte, and study 
the effects on the cathode material of Li2CoPO4F and LiCoPO4. At the same time, 
stability of the electrolyte at high voltage, electrochemical performance of cathode 
materials in these electrolytes, the stability of electrode/electrolyte interface and its 
effects on electrochemical performance have been investigated systematically. 
High-voltage fluorinated solvents FEC and F-EPE show excellent compatibility 
with Li2CoPO4F cathode material, and can significantly improve the electrochemical 
performance of Li2CoPO4F. The LSV results show that FEC and F-EPE as co-solvents 
can significantly improve the high voltage stability of electrolytes compared with the 
traditional carbonate electrolyte. Electrochemical studies show that FEC / DMC = 1: 1 
and F-EPE / DMC = 1: 2 systems exhibit better performance. When cycled in 1 M 
LiPF6 FEC/DMC = 1: 2 (wt/wt), F-EPE/DMC = 1: 2 (wt/wt) and EC/DMC = 1: 1 
(wt/wt) between 3-5.4 V, at 0.2 C (1C = 143 mA g-1 ) rate, Li2CoPO4F shows an initial 
discharge capacity of 121.7, 111.3 mAh g-1 and 95.9 mAh g-1 and a capacity retention 
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IV 
of 35.9%, 28.2% and 0.029% after 100 cycles, respectively. The possible functional 
mechanisms of fluorinated solvents FEC and F-EPE are inverstigated by LSV, CV, 
EIS, SEM and XPS measurements. The results show that the products of electrolytes 
oxide decomposition (including ROLi, ROCO2Li, LixPFyOz, LixPFy，et al) can be 
observed on the surface of Li2CoPO4F electrode after cycling in all the three 
electrolytes, the thickness of interface films formed on FEC and F-EPE based 
electrolyte is lower than EC/DMC based electrolyte,  limited to few nm. Compared 
with the traditional carbonate electrolyte, the SEI layer formed on FEC and F-EPE 
based electrolyte is more stable, which suppresses the side reactions at 
electrode/electrolyte interface when charge to high voltage, and improves the structure 
stability of Li2CoPO4F during cycling, thus singnificaltly improves the 
electrochemical performance of Li2CoPO4F. 
Fe3+ doped Li1-xCo1-xFexPO4 (x = 0, 0.05) materials are synthesized by sol-gel 
method，the effects of Fe3+ doping on the electrochemical performance of LiCoPO4 
are studied. And the above high-voltage electrolyte 1 M LiPF6 FEC / DMC = 1: 1 is 
applied to further improve the electrochemical performance of Li0.95Co0.95Fe0.05PO4. 
The electrochemical results show that Fe3+ doping can improve the electrical 
conductivity of Li0.95Co0.95Fe0.05PO4 material, decrease the polarization of 
Li0.95Co0.95Fe0.05PO4 electrode, and reduce the impedance of battery, thus improve the 
electrochemical performance of Li0.95Co0.95Fe0.05PO4 material, especially at high 
current rate. Compared with the traditional carbonate electrolyte, 1 M LiPF6 FEC / 
DMC = 1: 1 electrolyte has higher stability at high voltage, can further improve the 
electrochemical performance of Li0.95Co0.95Fe0.05PO4 material. 
 
Key words: Lithium ion battery, High voltage electrolytes, Fluorinated solvents, FEC, 
F-EPE
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